Abstract. Nipah virus has caused recurring outbreaks in central and northwest Bangladesh (the "Nipah Belt"). Little is known about roosting behavior of the fruit bat reservoir, Pteropus giganteus, or factors driving spillover. We compared human population density and ecological characteristics of case villages and control villages (no reported outbreaks) to understand their role in P. giganteus roosting ecology and Nipah virus spillover risk. Nipah Belt villages have a higher human population density (P 0.0001), and forests that are more fragmented than elsewhere in Bangladesh (0.50 versus 0.32 patches/km 2 , P 0.0001). The number of roosts in a village correlates with forest fragmentation (r = 0.22, P = 0.03). Villages with a roost containing Polyalthia longifolia or Bombax ceiba trees were more likely case villages (odds ratio [OR] = 10.8, 95% confidence interval [CI] = 1.3-90.6). This study suggests that, in addition to human population density, composition and structure of the landscape shared by P. giganteus and humans may influence the geographic distribution of Nipah virus spillovers.
INTRODUCTION
Nipah virus was recognized in Bangladesh in 2001 and has caused recurring outbreaks clustered seasonally, during December to April, and spatially, within central and northwest Bangladesh, which we here term, the "Nipah Belt." 1 The question of what drives spatial patterning of outbreaks remains unanswered. Principal routes of transmission to humans are consumption of raw date palm sap contaminated by the natural bat reservoir in Bangladesh, Pteropus giganteus, and person-to-person contact. 2 Because no other reservoir has been identified in Bangladesh, 3 index cases likely result from spillover transmission from the bat reservoir. 4 Outbreaks separated by many months in different locations in Bangladesh and genetic characterization of the virus in Bangladeshi patients suggests repeated spillovers from bats to humans. [4] [5] [6] Little is known about the impact of landscape patterns on the roosting ecology of Pteropus spp. or why there are Nipah virus spillovers in only a subset of villages where P. giganteus roost. We compared human population density and ecological characteristics of case and control villages to understand the role of landscape on P. giganteus roosting ecology and likelihood of Nipah virus spillover to humans.
MATERIAL AND METHODS
This study is a component of a larger village-level investigation of Nipah virus spillover conducted by the International Center for Diarrheal Disease Research, Bangladesh (icddr,b). We compared characteristics of P. giganteus roosts, landscape structure, and human population density of villages within and outside the Nipah Belt and in spillover case villages to control villages within the Nipah Belt. A case village was defined as any village where a Nipah virus casepatient was identified between 2001 and 2011, and where the infection was apparently introduced from a spillover event from the bat reservoir. We defined the Nipah Belt using a 50 km buffer around case villages. This distance is farther than the average Pteropus spp. foraging range 7 so that a region outside the Nipah Belt would likely not be visited by bats roosting inside the Nipah Belt. To generate our control sample of villages with no reported Nipah virus cases, we drew 5 km buffers around case villages, and then selected a geographically random sample of points inside and outside the Nipah Belt, avoiding areas within the buffers.
We conducted two case-control comparisons. First, we used random sampling to select approximately half of our case and control villages for field visits (referred to as the "field-validated sample") to assess detailed information on P. giganteus roosting ecology. We also created a second study sample using the full spillover case list and 20,000 geographically random control points (10,000 inside and 10,000 outside the Nipah Belt). 8 We used this group (referred to as the "remotely sensed sample") to conduct a second case-control analysis that used satellite and human population modeling data. The large sample size of the second study sample gave us the power to detect smaller effects of human population density and village forest structure on risk of Nipah virus spillover than would have been possible using only the field-validated sample.
Locating study villages and conducting roost ecological assessment. We limited field data collection to December through early February to measure the environment in villages during the season when most human cases have been identified. 4 Field teams used Global Positioning System (GPS) devices and GoogleEarth to identify and then enroll a control village near each set of random coordinates. They located P. giganteus roosts that were inhabited at some point in the past 5 years inside and within 5 km of the village boundaries through interviews with community leaders. They collected GPS coordinates at all roosts and counted the number of bats in active roosts (i.e., at least one bat present when the roost was located; inactive roosts were inhabited within the last 5 years but were not inhabited when the roost was located). A subset of roosts was selected for an intensive ecological assessment because of the restricted study duration. This assessment was conducted on the two largest, active roosts nearest the village center. Field teams used transects to delineate a 20 + 20 m plot around the central roost tree. Within the plot, they measured tree species, height (using a Suunto clinometer, Vantaa, Finland), and diameter at breast height (DBH) (using a diameter tape) for all trees with a DBH 4 cm.
Satellite data derivation. We used satellite and human population distribution data to measure forest structure and human population density within a 20 + 20 km squareshaped buffer around the center of each study village (distance from village center to center of the buffer's side was 10 km; referred to as a 10 km buffer, henceforth).
The land cover map used to calculate forest metrics was derived from GoogleMap and several satellites including Classification results were resampled at 250 m for the final map. We measured forest fragmentation by calculating forest patch density (number of patches/10 km village buffer), edge density (total length of forest pixels bordering non-forest pixels/10 km village buffer), and the largest patch index (percent of the 10 km village buffer occupied by the largest contiguous forest patch) using FRAGSTATS. 9 Human population density was derived using the Landscan dataset, a global population surface created using an algorithm that integrates census data and ancillary datasets including land use, topography, and transportation. 10 Data analysis. Assessing tree species composition of roost sites. We used non-parametric ordination methods and PC-ORD software 11 to derive a measure of tree species composition at each roost site. First, we calculated the average basal area of each tree species within a plot using our DBH measurements. Next, we calculated Bray Curtis dissimilarity 12 on the log-transformed matrix and ran a hierarchical cluster analysis to group roosts into five significant clusters based on similarity of the tree species biomass in each roost site. We used Multi-Response Permutation Procedures 13 to ensure clusters were mutually exclusive. Finally, we conducted Indicator Species Analysis 13 to identify diagnostic tree species for each roost cluster.
Comparing characteristics of roosts sites and villages in the field-validated sample. Using the field-validated sample, we compared human population density, number of households, village area, bat population density and number of bats, roost characteristics, and forest fragmentation metrics of villages inside and outside the Nipah belt region to identify unique ecological characteristics of the Nipah Belt. We also compared characteristics of case villages to control villages inside the Nipah Belt to identify possible risk factors for Nipah virus spillover. To test for significant differences, we used t tests for continuous data, and χ 2 or Fisher exact tests for categorical data. Standard deviations around mean estimates were calculated to assess the magnitude of these differences. We considered P 0.05 significant, but we used a highly conservative step-down procedure as a multiple comparison adjustment to assess the strength of the relationships of our significant variables.
We constructed a correlation matrix to assess relationships between human population density, number of roosts (active and inactive), and landscape characteristics of villages. Only uncorrelated variables (r 0.7) were analyzed in the same regression model to prevent multicollinearity. 14 We built Firth logistic regression models (to correct for quasi-separation) using significant variables from the univariate analyses, and we calculated odds ratios (ORs) with 95% confidence intervals (CIs) to assess the increased odds of being a case village associated with each environmental risk factor when controlling for human population density. We constructed models that compared cases to each of the control groups (inside and outside the Nipah Belt) and a model comparing the control groups. The comparison of control groups allowed us to verify that significant variables in the comparison of cases versus controls outside the Nipah Belt were in fact related to case status rather than differences inside and outside the Nipah Belt.
Comparing human population and village landscape characteristics in the remotely sensed sample. We compared human population density and forest landscape characteristics of villages inside and outside the Nipah Belt and of case villages and Nipah Belt controls using the remotely sensed sample. We used logistic regression to compare forest metrics while controlling for human population density. We estimated a Satterthwaite-adjusted χ 2 in the regression comparing case villages and Nipah Belt controls to account for the large difference in sample size.
Ethical considerations. Each interviewee gave verbal informed consent for participation. We asked permission of the landowner at roost sites before taking field measurements. The study protocol was approved by the icddr,b and University of Wisconsin-Madison Institutional Review Boards.
RESULTS
Our field-validated sample contained 100 villages: 21 case villages, 38 control villages inside the Nipah Belt, and 41 control villages outside the belt region ( Figure 1 ). Our field teams located 222 active and inactive roosts, and 87 of the 100 study villages had at least one roost inside the village or within 5 km of the village boundary. The GPS coordinates and bat counts were taken at 221 of the roosts (99.5%), and an ecological assessment in addition to the coordinates and bat counts was conducted at 143 (65%) of these roosts.
Comparing characteristics of roost sites and villages in the field-validated sample. Nipah Belt villages had a higher human population density within a 10 km buffer of the village center (1,311 people/km 2 ± 489) than villages outside the Nipah Belt (895 people/km 2 ± 440, P 0.0001) ( Table 1 and Figure 2 ). Within the Nipah Belt, there was no significant difference in human population density between case and control villages. There were no significant differences in the number of households or village area among the study groups.
There were no significant differences in the total number of bats, bat population density, or proximity of roosts to human settlements among the study groups. However, inside the Nipah Belt, a greater proportion of villages had an active or inactive P. giganteus roost (93% versus 78%, P = 0.03). Respondents from the Nipah Belt villages reported more roosts (inactive and active) per village (2.6 ± 1.8) than respondents from villages outside the Nipah Belt (1.6 ± 1.5, P = 0.004). Additionally, field teams identified more active roosts within 5 km of the village boundary in Nipah Belt villages (1.7 ± 1.3) compared with villages outside the belt (1.2 ± 1.0, P = 0.05). The percent canopy cover in the roost sites was denser in roosts located in Nipah Belt control compared with case villages (64% ± 13 versus 53% ± 12, P = 0.002). Case villages were more likely to have at least one roost that was categorized by the presence of silk cotton (Bombax spp.) or Indian mast trees (Polyalthia longifolia) compared with controls inside the Nipah Belt (33% versus 3%, P = 0.01) based on the species biomass found in each roost site.
Bat colony size differed by type of roost tree species cluster from the ordination analysis (F = 2.54, degrees of freedom [df] = 4, P = 0.04). Roosts characterized by raintree (Albzia spp.) or mahogany (Swietenia mahagoni) supported the largest bat colonies (623 ± 708), whereas cotton silk or Indian mast tree roosts supported the smallest P. giganteus colonies (170 ± 283).
Nipah Belt villages had less forest cover (26% ± 10), higher forest patch density and edge density (0.50 patches/km 2 ± 0.18; 21 m/km 2 ± 5.3), and a lower largest patch index (7.1% ± 11) compared with villages outside the Nipah Belt (33% ± 22, P = 0.04; 0.32 patches/km 2 ± 0.21, P 0.0001; 18 m/km 2 ± 6.4, P = 0.01; 19% ± 26, P = 0.01). The forest around Nipah virus case villages was the most fragmented of the study groups, but the only significantly different forest metric between case villages and Nipah Belt controls was the largest patch index (3.6% ± 1.5 versus 9.0% ± 13, P = 0.02).
Identifying environmental risk factors for Nipah virus spillover. In the model comparing cases to Nipah Belt control villages, the odds of being a case was 2.0 times higher (95% CI = 1.1-3.6, P = 0.02) for every 10% decrease in the average canopy cover of roosts sites in the village after controlling for human population density and other significant covariates from the univariate analysis (Table 2) . Additionally, villages with at least one silk cotton/Indian mast roost were 10.8 times more likely (95% CI = 1.3-90.6, P = 0.03) to be a case village. In the comparison of cases to controls outside the Nipah Belt, decreased mean tree height in roosts and increased forest patch density in the village were both significant risk factors for Nipah virus spillover. In the model comparing the control groups, a decrease in mean tree height was associated with Nipah Belt control villages.
Assessing relationships between P. giganteus roosting ecology, forest structure, and human population density. Human population density was positively correlated with forest fragmentation using a variety of indicators (Table 3) . Both the number of active and inactive P. giganteus roosts that were reported by community members and the number of active roosts identified by our field teams increased as the human population density and the degree of forest fragmentation increased. As the amount of contiguous forest in a village increased, the mean tree height and percent canopy cover in roosts sites increased, but the tree species diversity decreased.
Comparing human population and village landscape characteristics in the remotely sensed sample. Univariate comparisons within the remotely sensed sample yielded similar results to the field-validated sample, showing that human *Data presented as means ± 1 SD unless otherwise noted. †Based on two-tailed, independent groups t tests unless noted; Satterwaite method was used when P 0.05 for the F-test for equality of variances; unadjusted P values are shown. ‡Highly significant based on the adjusted step-down procedure P value. §Shows number of villages where a roost in that species cluster was identified/total villages in the case or control group where a roost was found and an ecological assessment was conducted; P value results are based on χ 2 test or two-tailed Fisher exact test when tabular cell counts were 5. population density is higher and the forest is more fragmented inside the Nipah Belt compared with the rest of the country (Table 4) . However, the larger sample size increased our statistical power to detect differences in the forest structure of case villages compared with Nipah Belt control points. Cases had less forest cover (22% ± 4.1 versus 23% ± 9.8, P = 0.04), higher forest patch density (0.55 patches/km 2 ± 0.14 versus 0.49 patches/km 2 ± 0.20), higher forest edge density (21 m/km 2 ± 3.6 versus 20 m/km 2 ± 5.3, P = 0.004), and a smaller contiguous forest area (3.5% ± 1.9 versus 6.3% ± 10, P = 0.000) than remotely sensed Nipah Belt controls after controlling for human population density.
DISCUSSION
Our study shows that villages inside the Nipah Belt of Bangladesh have significantly higher human population density and forests that are more fragmented than in the rest of the country. The finding that human population density correlates with spillover risk is not unexpected; but has not been previously shown. However, our finding that landscape factors also correlate with Nipah virus spillover risk is novel and suggests that these factors could be used to understand the distribution of Nipah cases in other regions.
Our study also shows that the roosting ecology of P. giganteus is associated with forest fragmentation, and that canopy density and tree species composition in roosts and degree of forest fragmentation in a village are associated with Nipah virus spillover. The number of roosts was higher in villages with more fragmented forests, although the number of bats in a village was not. This suggests that roost colony size is limited by tree availability and that P. giganteus can occupy fragmented landscapes. Studies have found that other bats with generalist diets thrive in fragmented forests with numerous small patches of remnant forest due to their diverse diet and ability to travel long foraging distances that allow them to use patchy landscapes that other forest-obligate species cannot 15 ; likely the same applies to P. giganteus.
We also found that biodiversity of tree species in roosts increased as the degree of forest fragmentation increased. Because villages with high human population density had the most fragmented forests in our study, the biodiversity in these Nipah Belt roosts is likely caused by species-rich homegardens. 16 A survey of homegardens found that on average, a single Bangladeshi household is growing 34 tree species. 16 A benefit for Pteropus living in fragmented forests is that these mixed landscapes may provide a more consistent food source than habitats comprised solely of pristine forest species. 15 Some have suggested that agroforestry may support larger Pteropus populations than would be viable without human cultivated crops, 17 suggesting that the P. giganteus population in the Nipah Belt may expand alongside the human population. 18 Within the Nipah Belt, villages where there have been Nipah virus spillovers had more fragmented forests compared with neighboring communities. In these fragmented forests, P. giganteus tended to settle in several small roosts scattered throughout the villages rather than in one large roosting colony. This roosting behavior, perhaps in response to the forest structure, could have implications for Nipah virus spillover. In these fragmented forests, the combination of more people and sporadic P. giganteus colonies could increase the likelihood that P. giganteus will feed on human food resources, both fruits from homegardens and date palm sap collection containers. Future assessments should assess differences in P. giganteus feeding behavior across gradients of forest fragmentation. Second, forest fragmentation could affect Nipah transmission within the P. giganteus population if roost colony size affects intrapopulation virus transmission dynamics. Future research should assess virus prevalence in roosting colonies with different sized populations and whether these roosting colonies represent distinct metapopulations or artificial divisions within a single colony to understand these relationships.
Two tree species have potential importance for Nipah virus spillover. The presence of a roost distinguished by silk cotton (Bengali: shimul) or Indian mast trees (Bengali: debdaru) was associated with an increased risk of Nipah virus spillover. Both trees are known Pteropus food resources, [19] [20] [21] have short flowering durations in the winter, and silk cottons ("morphologically a perfect bat plant" 22 ) have chiropterophilous 23 Table   3 Correlation Table   4 Characteristics . A possible link between these tree species and Nipah virus dynamics is that because these trees flower during the season of limited fruit resources in Bangladesh, they are visited by high concentrations of P. giganteus during their short flowering periods. 21 As a result of this "watering hole effect" where bats congregate around limited resources, saliva or other bodily fluids containing Nipah virus could be more likely exchanged when drinking from the same flower or during defensive behavior, behaviors that have been observed in Pteropus populations feeding on silk cottons in the Pacific Islands. 21 The result could be an increase in the prevalence of acute infections of bats living near these food resources and increased likelihood of spillover to humans when bats drink from date palm sap containers. However, roosts with these indicator species only occurred in one-third of case villages, suggesting that although these species may be indicators of spillover risk, they are not a prerequisite. In addition to the trees that are seeded by foraging bats, these trees could also be indicators of forest fragmentation. Indian mast trees are often planted as ornamental border trees 24 so their presence could be associated with human impact on the landscape. Future studies are needed to assess the infection prevalence of bat colonies in relation to their roosting habitat.
Several village and roost characteristics were not associated with Nipah virus spillover in this study including geographic size of a village and distance of roosts to the village boundary or nearest household. This finding supports the idea that although presence of P. giganteus near human activity is a likely precursor of viral spillover, there are other processes that determine the probability that spillover occurs. Our study suggests that the composition and structure of the landscape shared by P. giganteus and humans may be two drivers.
We relied on community members to identify and locate roosts. It is possible that we missed isolated roosts of which respondents were not aware, which would underestimate the number of roosts in less populated areas, like those in regions outside the Nipah Belt, perhaps making the number of roosts inside and outside the belt more comparable. However, this bias is unlikely because most roosts are highly conspicuous as a result of the bats' size and noisy demeanor. Roosts without bats present during our study (inactive roosts) present another possible bias. Our results were the same when we assessed total roosts or restricted our analysis to only active roosts, so this bias is also unlikely to affect our conclusions.
The resolution of our satellite-derived forest cover map was 250 m, which made it difficult to identify small forest patches. If small patches were misclassified as non-forest, particularly in areas with highly fragmented forests, then our fragmentation measures would be underestimated and the association between fragmentation, spillover status, and bat roost abundance would have been conservative.
Although it is important to note that human population density appears to be a key driver of Nipah virus risk in rural Bangladesh, this study supports the hypothesis that the geographic distribution of Nipah virus spillover is also influenced by the configuration of suitable P. giganteus habitat and the roosting ecology of these bats. Although bats are present in similar numbers throughout Bangladesh, the abundance of roosts is higher in the region where all Nipah outbreaks have occurred, suggesting that the distribution of these bats across the village landscape may increase risk. Even though the precise mechanism is unknown, perhaps the fragmented forest landscape increases overlap between human and bat food resources, specifically in a region of high human population density. Although there have been attempts to track Pteropus spp. movements away from the roost, [25] [26] [27] more research is needed to quantify P. giganteus foraging behavior in fragmented and biologically diverse landscapes as well as seasonal foraging distance to test this hypothesis. Additionally, tree species composition in roosts is associated with risk of Nipah virus spillover and may influence P. giganteus interactions and viral transmission within bat communities.
As the Bangladeshi population continues to grow to over 200 million by 2050, 18 more undisturbed forest areas will become sites for homesteads and expanding villages. Ecosystem and land-use changes have played a significant role in infectious disease emergence and re-emergence in humans, including malaria, yellow fever, hantavirus, leishmaniasis, and hemorrhagic fevers. [28] [29] [30] [31] [32] Understanding how these changes alter the forest structure, and in turn, the habitats and the ecology of disease reservoirs may provide insights to reduce the spillover of zoonotic disease agents. 33, 34 
